The O-polysaccharide chain of the lipopolysaccharide (O-antigen) on the bacterial cell surface is one of the most structurally variable cell components and serves as a basis for serotyping of Gram-negative bacteria, including human opportunistic pathogens of the genus Providencia. In this work, the O-antigen of Providencia alcalifaciens O40 was obtained by mild acid degradation of the isolated lipopolysaccharide and studied by chemical methods and high-resolution NMR spectroscopy. The following structure of the O-polysaccharide was established:
Introduction
Gram-negative bacteria of the genus Providencia are opportunistic pathogens that are isolated from a wide variety of environment and organisms, ranging from fruit flies and sea turtles to humans (Galac & Lazzaro, 2011) . Currently, the genus consists of eight species (O'Hara et al., 2000; Somvanshi et al., 2006; Juneja & Lazzaro, 2009) , among which P. stuartii, P. rettgeri, P. rustigianii, and P. alcalifaciens are the most common Providencia species that cause human infection. P. stuartii is a wellrecognized pathogen often responsible for urinary tract infections in patients with chronic indwelling urinary catheters (Rahav et al., 1994) . Other species are more frequently associated with enteric disease, particularly travelers' diarrhea (Yoh et al., 2005) , although sporadic cases of meningitis (Sipahi et al., 2010) and ocular infections (Koreishi et al., 2006) also have been reported.
The serological scheme of P. stuartii, P. rustigianii, and P. alcalifaciens used in serotyping of clinical isolates is based on O-antigens present on the cell surface and flagella H-antigens; it includes 63 O-serogroups and 30 H-serogroups (Ewing, 1986) . Recently, it has been found that strains representing serotypes O58:H9 and O59:H18 must be reclassified from the genus Providencia to Morganella morganii (A. Rozalski, unpublished data). The O-antigen represents the O-polysaccharide chain of the lipopolysaccharide (LPS) built up of oligosaccharide repeats (O-units) . Some Providencia O-antigens show a similarity to those of a closely related genus Proteus (Torzewska et al., 2004a, b) as well as taxonomically remote bacteria, such as Pseudoalteromonas flavipulchra and Shewanella fidelis from the family Alteromonadaceae. To create a molecular basis for the serological classification of Providencia and to substantiate their antigenic relationships to other bacteria, the O-antigen structures have been elucidated in the majority of Providencia O-serogroups (Knirel, 2011) .
Biosynthesis of the O-antigen by the most common O-antigen polymerase (Wzy)-dependent pathway (Valvano, 2011) requires three major groups of enzymes: (i) sugar biosynthetic pathway enzymes that synthesize the nucleotideactivated form of each unique sugar present in the O-unit; (ii) glycosyltransferases that sequentially transfer the precursor sugars to assemble an O-unit on the undecaprenyl diphosphate lipid carrier anchored into the inner membrane facing the cytoplasmic side; and (iii) O-antigen processing proteins that are involved in translocation of the O-unit across the inner membrane to the periplasmic side (flippase Wzx) and polymerization (O-antigen polymerase Wzy and modal chain length regulator Wzz). Most of the genes encoding these enzymes are not scattered around the chromosome but are combined into a gene cluster that maps between two conserved genes. Recently, putative O-antigen gene clusters have been found between the cpxA and yibK genes and characterized in nine Providencia strains (Ovchinnikova et al., 2012) .
In this paper, we report on the O-antigen structure of P. alcalifaciens O40 and its serological relationships to the O-antigens of some other Providencia serogroups. In addition, the O40-antigen gene cluster was sequenced and analyzed and found to be in agreement with the O-polysaccharide structure established.
Materials and methods
Cultivation of bacteria and isolation of the LPS Providencia alcalifaciens O40:H23, strain 3261/51 was obtained from the Hungarian National Collection of Medical Bacteria (National Institute of Hygiene, Budapest). Bacteria were cultivated at 37°C under aerobic conditions in tryptic soy broth supplemented with 0.6% yeast extract. The bacterial mass was harvested at the end of the logarithmic growth phase, centrifuged, washed with distilled water, and lyophilized. The LPS in a yield of 5.8% of dry bacteria mass was isolated by the phenol-water extraction (Westphal & Jann, 1965) followed by dialysis of the extract without layer separation and purification by treatment with cold aq 50% CCl 3 CO 2 H to precipitate proteins and nucleic acids; the supernatant was dialyzed and freeze-dried.
Mild acid degradation of LPS
A LPS sample (150 mg) was hydrolyzed with aqueous 2% HOAc at 100°C for 4.5 h, and a lipid precipitate was removed by centrifugation (13 000 g, 20 min). The watersoluble carbohydrate portion was fractionated by gelpermeation chromatography on a column (60 9 2.5 cm) of Sephadex G-50 Superfine (Amersham Biosciences, Sweden) in 0.05 M pyridinium acetate buffer (pH 4.5) with monitoring using a differential refractometer (Knauer, Germany). The yield of the O-polysaccharide was 17% of the LPS mass.
Chemical analyses
For sugar analyses, a polysaccharide sample was subjected to hydrolysis with 10 M HCl (80°C, 30 min) followed by reduction with an excess of NaBH 4 (20°C, 2 h) or to methanolysis (1 mL MeOH, 0.1 mL AcCl, 16 h, 100°C). The products were acetylated with a 1 : 1 Ac 2 O-pyridine mixture (100°C, 1 h) and analyzed by gas-liquid chromatography (GLC) on a Hewlett-Packard 5880 chromatograph (USA) equipped with an Ultra 2 capillary column using a temperature gradient from 160 to 290°C at a rate of 7°C min
À1
. For determination of the absolute configuration of the monosaccharides, a polysaccharide sample was hydrolyzed with 10 M HCl (80°C, 30 min) and N-acetylated (400 lL NaHCO 3 , 60 lL Ac 2 O, 0°C, 1 h) (for Qui3N) or subjected to methanolysis as above. The products were heated with (S)-2-octanol (100 lL) (Leontein & Lönngren, 1993) in the presence of CF 3 CO 2 H (15 lL) at 120°C for 16 h, acetylated, and analyzed by GLC as above.
NMR spectroscopy
A polysaccharide sample was deuterium-exchanged by freeze-drying twice from 99.9% D 2 O and then examined as a solution in 99.96% D 2 O using internal sodium 3-(trimethylsilyl) propanoate-d 4 (d H 0.0) and acetone (d C 31.45) as references.
1 H and 13 C NMR spectra were recorded at 30°C using a Bruker DRX-500 NMR spectrometer (Germany) and XWINNMR Bruker software. Mixing time of 100 ms and spinlock time of 150 ms were used in TOCSY and ROESY experiments, respectively. Other NMR experimental parameters were set essentially as described earlier (Hanniffy et al., 1999) .
Mass spectrometry
Ion-cyclotron resonance Fourier transform electrospray ionization mass spectrometry (ESI MS) was performed in the negative mode using an APEX II Instrument (Bruker Daltonics) equipped with a 7-Tesla magnet and an Apollo ion source. Mass spectra were acquired using standard experimental sequences as provided by the manufacturer. Mass scale was calibrated externally with Re-LPS of known structure. Samples (~10 ng lL
À1
) were dissolved in a 50 : 50 : 0.001 (v/v/v) mixture of 2-propanol, water, and triethylamine and sprayed at a flow rate of 2 lL min
. Capillary entrance and exit voltage were set to 3.8 kV and À100 V, respectively; the drying gas temperature was 150°C. The spectra that showed several charge states for each component were charge-deconvoluted using BRUKER XMASs 6.0.0 software, and mass numbers given refer to monoisotopic molecular masses.
Serological studies
Preparation of rabbit O-antiserum against P. alcalfaciens O40 (Bartodziejska et al., 1998) and enzyme-immunosorbent assay (Torzewska et al., 2001) were performed as described earlier.
Construction of a random shotgun bank
Chromosomal DNA was prepared as described (Bastin & Reeves, 1995) . Primers wl-35627 (5′-CAA TTT TCT GGT TTA CCC TCG CAC T-3′) and wl-35631 (5′-TCT GGA CCA AAC ATT AAA TAA TCA TCT T-3′) based on the cpxA and yibK genes, respectively, were used to amplify the P. alcalifaciens O40 O-antigen gene cluster with the Expand Long Template PCR system (TaKaRa Biotechnology). Each PCR cycle consisted of denaturation at 95°C for 30 s, annealing at 55°C for 45 s and extension at 68°C for 15 min. The PCR products were sheared at speed code 8 (20 cycles) to the desired molecular mass 1000-2000 using a HydroShear apparatus (GeneMachines, CA). The resulting DNA fragments were cloned into pUC18 vector to produce a shotgun bank.
Sequencing and analysis
Sequencing was carried out with an ABI 3730 automated DNA sequencer by the Tianjin Biochip Corporation. Sequence data were assembled using the Staden package (Staden, 1996) , and the program Artemis (Rutherford et al., 2000) was used for annotation. CD-Search (Marchler-Bauer & Bryant, 2004 ) was performed to search conserved motifs. BLAST (Altschul et al., 1997) was used to search databases for possible gene functions. The program TMHMM 2.0 (http:// www.cbs.dtu.dk/services/TMHMM/) was used for identification of potential transmembrane segments. The DNA sequence of the O-antigen gene cluster of P. alcalifaciens O40 has been deposited in the GenBank database under the accession number HM583640.
Results and discussion

Structure elucidation of the O40 antigen
The LPS was isolated from dry cells of P. alcalifaciens O40 by the phenol-water extraction. Mild acid degradation of the LPS followed by gel-permeation chromatography of the carbohydrate portion on Sephadex G-50 resulted in a highmolecular-mass O-polysaccharide and two oligosaccharide fractions A and B. Sugar analysis of the polysaccharide by GLC of the acetylated alditols revealed galactose, 3-amino-3,6-dideoxyglucose (3-amino-3-deoxyquinovose, Qui3N), and 2-amino-2-deoxygalactose (GalN) in the ratiõ 1.0 : 1.0 : 0.7. In addition, glucuronic acid (GlcA) was identified by GLC of the acetylated methyl glycosides. The D configuration of all monosaccharides was determined by GLC of the acetylated (S)-2-octyl glycosides.
The 13 C NMR spectrum of the polysaccharide ( Fig. 1) showed signals for four anomeric carbons at d 100.5-105.7, two nitrogen-bearing carbons at d 56.0 and 52.9 (C3 of Qui3N and C2 of GalN), a CH 3 -C group at d 18.2-18.3 (C6 of Qui3N), two HOCH 2 -C groups at d 62.3 and 62.6 (C6 of Gal and GalN), one carboxyl group at d 175.3 (C6 of GlcA), one N-acetyl group at d 23.7 (CH 3 ), and 176.2 (CO) as well as one N-formyl group at d 167.0 and 169.6 (major and minor signals for the Z and E isomers, respectively). The 1 H NMR spectrum showed signals for four anomeric protons at d 4.49-5.37, a CH 3 -C group at d 1.29 -1.30 (H6 of Qui3N), one N-acetyl group d 2.01 and one N-formyl group at d 8.18 and 7.95 (Z and E isomers in the ratio 1.7 : 1, respectively). The NMR spectra showed structural heterogeneity, which could be due to the occurrence of the N-formyl group as the E and Z stereoisomers.
The 1 H and 13 C NMR spectra of the polysaccharide were assigned (Table 1 ) using a set of two-dimensional experiments, including 1 H, 1 H COSY, TOCSY, ROESY, H-detected 1 H, 13 C HSQC (Fig. 2) , and HMBC. The COSY and TOCSY spectra revealed spin systems for two sugar residues having the gluco configuration (Qui3N and GlcA) and two residues having the galacto configuration (Gal and GalN). The b configuration of the glycosidic linkages of Qui3N, GlcA and GalN was established by J 1,2 coupling constant values of 7.5-8.0 Hz. A relatively small J 1,2 coupling constant (< 3 Hz, H1 signal was not resolved) showed that Gal is a-linked.
Significant downfield displacements of the signals for C4 of b-Qui3N to d 82.5 and 82.9, C3 of a-Gal, b-GlcA and b-GalN to 80.2, 83.1 and 81.8, respectively, from their positions in the corresponding nonsubstituted monosaccharides (L'vov et al., 1983; Jansson et al., 1989) revealed the substitution pattern of the monosaccharides in the O-unit. The absence of other signals in the region d 80-88 indicated that all sugar residues are pyranosidic (Bock & Pedersen, 1983) . The 1 H, 13 C HMBC spectrum ( The location of the N-acyl groups was unambiguously determined by the 1 H, 13 C HMBC experiment, which showed correlations of the proton of the N-formyl group in the Z isomer with C3 of Qui3N at d 8.18/56.0 and the CO of the N-acetyl group with H2 of GalN at d 175.9/ 3.82. N-Acetylation of GalN was confirmed by TOCSY and ROESY experiments with a polysaccharide solution in a 9 : 1 H 2 O/D 2 O mixture, which showed a major correlation between CH 3 of the N-acetyl group and NH of GalN at d 2.01/8.36. The TOCSY spectrum also C NMR spectra are shown along the horizontal and vertical axes, respectively. Arabic numerals refer to H/C pairs in sugar residues denoted by letters as shown in Table 1 . 
13
C NMR spectrum of the O-antigen of P. alcalifaciens O40. Arabic numerals refer to carbons in sugar residues denoted by letters as shown in Table 1 showed a minor signal for NH of GalN at d 8.43, which was tentatively assigned to a terminal GalNAc residue of the polysaccharide chain. As judged by the ratio of the integral intensities of the signals for internal and terminal GalNAc residues, the average number of the O-units in the polysaccharide is 6. The 1 H, 13 C HSQC and HBMC spectra of the polysaccharide showed minor CH 3 /CH 3 and CH 3 /CO cross-peaks at d 2.08/21.9 and d 2.08/174.2, respectively, which indicated the presence of a minor O-acetyl group. However, its position could not be determined owing to its too low content and, as a result, the lack of NMR signals potentially useful for determination of the site of O-acetylation.
The data obtained indicated that the O-antigen of P. alcalifaciens O40 has the structure 1 shown in Fig. 4 , where D-Qui3NFo stands for 3,6-dideoxy-3-formamido-Dglucose. This monosaccharide derivative occurs rarely in bacterial polysaccharides; to the best of our knowledge, earlier it has been reported only once as a component of the O-antigen of Hafnia alvei 1204 (Katzenellenbogen et al., 1995) .
The O-antigen structure and the presence of an O-acetyl group were confirmed independently by negative ion Fig. 4 . Structures of the O-antigens of P. alcalifaciens O40 (1) (this study), P. alcalifaciens O5 (2) (Zatonsky et al., 1999) , and P. stuartii O18 (3) (Kocharova et al., 2004) .
high-resolution ESI MS of oligosaccharide fractions A and B. The mass spectrum of fraction B showed a major ion peak for a Hex 4 HexA 1 Hep 3 Kdo 1 Ara4N 1 P 1 PEtN 3 oligosaccharide (where Ara4N indicates 4-amino-4-deoxyarabinose, Hep -heptose, Hex -hexose, HexA -hexuronic acid, Kdo -2-keto-3-deoxyoctonic acid, PEtNphosphoethanolamine) (experimental and calculated molecular masses 2200.55 and 2200.54 Da, respectively). The major causes of structural heterogeneity were the presence of compounds having one less or one more PEtN group (Δm 123.01) and the occurrence of incomplete core glycoforms lacking one or two hexose residues (Δm 162.05 u each). Therefore, fraction B represents a core oligosaccharide with composition typical of Providencia species (Kondakova et al., 2006; Ovchinnikova et al., 2011) , which was derived from the R-form LPS devoid of any O-antigen. The mass spectrum of fraction A demonstrated ion peaks for compounds with the molecular masses 3037.78 and 3079.80 Da accompanied by related species with one less and one more PEtN group. The mass differences of 714.23 and 756.24 Da between these compounds and the core oligosaccharide corresponded to the Qui3NFo 1 Gal 1 GlcA 1 GalNAc 1 and Qui3NFo 1 Gal 1 GlcA 1 GalNAc 1 Ac 1 tetrasaccharide O-units, respectively. Therefore, the fraction A oligosaccharides were derived from the SR-form LPS and consist of an O-unit, either O-acetylated or not, attached to the core. In addition, fraction A was found to contain the cyclic Fuc4N 4 ManNA 4 GlcN 4 Ac 11 (where Fuc4N indicates 4-amino-4-deoxyfucose, ManNA -mannosaminuronic acid) dodecasaccharide enterobacterial common antigen (experimental and calculated molecular mass 2386.88 Da) and two minor dodecasaccharides having one less and one more acetyl group (Δm 42.01 Da).
Serological investigation with anti-Providencia alcalifaciens O40 serum
Enzyme-immunosorbent assay with rabbit polyclonal O-antiserum against P. alcalifaciens O40 was used to characterize the O-antigen specificity of this bacterium and to reveal possible relationships of the O40-antigen with those of other Providencia O-serogroups. The serum reacted with the homologous LPS in a high titer (1 : 25 600), and strong cross-reactions were observed with the LPSs of P. alcalifaciens O5 and P. stuartii O18 (titers 1 : 16 000 and 1 : 8000, respectively).
Comparison of the O-antigen structures of these strains (Fig. 4, structures 2 and 3) showed some similarities between them. Particularly, the three O-antigens contain D-Qui3N derivatives [N-formyl in P. alcalifaciens O40 or N-acetyl in P. alcalifaciens O5 (Zatonsky et al., 1999) and P. stuartii O18 (Kocharova et al., 2004) ], which occupy evidently the nonreducing end of the polysaccharide chain. In addition, P. alcalifaciens O40 shares b-DQuip3NFo/Ac-(1?3)-a-D-Galp and b-D-GlcpA-(1?3)-DGalpNAc disaccharide fragments of the O-antigens with P. alcalifaciens O5 and P. stuartii O18, respectively. It is most likely that epitopes associated with the partial structures in common are responsible for the observed serological cross-reactivity.
Characterization of the O40-antigen gene cluster
The chromosomal region between the housekeeping genes cpxA and yibK in P. alcalifaciens O40 was sequenced, and a nucleotide sequence of 19 442 bp was obtained. The overall G + C content of the O-antigen gene cluster is 35.5%, which is lower than the average level of P. alcalifaciens genome (about 41%). A total of 16 individual open reading frames (ORFs) were identified, all of which have the same transcriptional direction from cpxA to yibK (Fig. 5) . The ORFs were assigned functions based on their similarities to those from available databases and are summarized in Table 2 .
Sugar biosynthetic pathway genes
The biosynthesis of dTDP-D-Quip3NAc recently described in Thermoanaerobacterium thermosaccharolyticum E207-71 (Pfoestl et al., 2008) involves five enzymes: RmlA, RmlB, QdtA, QdtB, and QdtC. The pathway starts from glucose-1-phosphate, which is converted into the activated dTDP-D-glucose form by glucose-1-phosphate thymidylyltransferase RmlA. The product is dehydrated by dTDP-D-glucose-4,6-dehydratase RmlB to give dTDP-6-deoxy-D-xylo-hexos-4-ulose, which is a common intermediate in synthesis of many different sugars (Hao & Lam, 2011) . Orf3 shows 78% identity or 88% similarity to RmlA of Shewanella oneidensis MR-1. High identity was also observed between orf3 and rmlA genes of a number of other bacterial strains. No gene within the O40-antigen gene cluster shows any homology with rmlB, and we proposed that rmlB is located outside the O40-antigen cluster. Orf4 shares 52% identity or 67% similarity with isomerase QdtA of T. thermosaccharolyticum, which catalyzes conversion of dTDP-6-deoxy-D-xylo-hexos-4-ulose to dTDP-6-deoxy-D-ribo-hexos-3-ulose. Orf5 belongs to the aspartate aminotransferase superfamily (Pfam01041, E value = 6 9 e À106 ); it shares 56% identity or 75% similarity to FdtB from Escherichia coli O114, which is involved in biosynthesis of dTDP-D-Fucp3NAc (Feng et al., 2004) and is a homologue of QdtB. Both QdtB and FdtB are transaminases capable of synthesizing the respective 3-amino-3,6-dideoxyhexoses. Orf5 was proposed to have the same function as QdtB. Orf2 belongs to the formyltransferase family (Pfam00551, E value = 4 9 e À13 ) and shares 25% identity or 48% similarity to formyltransferase domain protein of Methylobacterium radiotolerans JCM 2831. Orf2 was proposed to be formyltransferase for synthesis of dTDP-D-Qui3NFo from dTDP-D-Qui3N. Therefore, we suggested that orf3, orf4, orf5, and orf2 are involved in the synthesis of dTDP-D-Qui3NFo and named them rmlA, qdtA, qdtB, and qdtF, respectively. Orf11 shares 76% identity or 89% similarity to UDPglucose 6-dehydrogenase (Ugd) of Edwardsiella ictaluri, which is responsible for the synthesis of UDP-D-GlcA from UDP-D-Glc (Stevenson et al., 1996) . Therefore, orf11 was proposed to be responsible for the synthesis of UDP-D-GlcA and named ugd.
Both Orf13 and Orf14 belong to the NAD-dependent epimerase/dehydratase family (Pfam01370, E value = 3 9 e À23 and 3 9 e À45 , respectively). Orf13 shares 78% identity to UDP-N-acetylglucosamine 4-epimerase (Gne) of P. mirabilis. In Providencia (Ovchinnikova et al., 2012) , as in most other Enterobacteriaceae members studied (Valvano, 2011) , the O-unit synthesis is likely initiated by transfer of GlcNAc-1-phosphate or GalNAc-1-phosphate to the undecaprenol phosphate (UndP) lipid acceptor. Recent biochemical studies showed that Gne from E. coli O157 is capable of interconverting GlcNAc-P-P-Und and GalNAc-P-P-Und rather than functions as a UDP-GlcNAc/UDP-GalNAc epimerase (Rush et al., 2010) . As GalNAc is evidently the first monosaccharide of the P. alcalifaciens O40 O-unit (Ovchinnikova et al., 2012) , it is not excluded that Orf13 is responsible for the synthesis of GalNAc-P-P-Und from GlcNAc-P-P-Und too.
The fourth sugar component of the O-unit is D-galactose. Seventy-four percent identity was observed for Orf14 compared to UDP-galactose 4-epimerase (GalE) of P. mirabilis. Therefore, orf14 was named galE. However, it should be noted that in most other Providencia strains studied, galE is located at the 3′ end of O-antigen gene clusters between cpxA and yibK independently of the presence of galactose in the O-unit (Ovchinnikova et al., 2012) .
Orf10 shares 28% identity or 48% similarity to a putative galactoside acetyltransferase of Bacteroides thetaiotaomicron, and the corresponding gene was named wpaC. The presence of this gene is consistent with partial O-acetylation of the O-unit; however, the position of O-acetyl group on the Gal residue was not confirmed chemically.
Sugar transferase genes
The transfer of a 2-acetamido sugar 1-phosphate to UndP is mediated by WecA, which also takes part in the enterobacterial common antigen (ECA) synthetic pathway. The wecA gene encoding this enzyme is located in the ECA biosynthesis gene cluster (Alexander & Valvano, 1994) . Therefore, three individual glycosyltransferases were expected to assemble the UndPP-linked tetrasaccharide O-unit of P. alcalifaciens O40. Both Orf7 and Orf12 belong to the glycosyltranferase group 2 family (Pfam00535, E value = 2 9 e À16 and 9 9 e À33 , respectively). Orf7
shares 35% identity to glycosyltransferase of Shewanella pealeana, and Orf12 shares 62% identity to glycosyltransferase of P. mirabilis. Orf9 belongs to the group 1 family of glycosyltransferases (Pfam00534, E value = 9 9 e À28 ) and shares 33% identity to glycosyltransferase of Herpetosiphon aurantiacus. Therefore, orf7, orf9, and orf12 were proposed to encode the three glycosyltransferases and were named wpaA, wpaB, and wpaD, respectively.
O-antigen processing genes
Among four known pathways for synthesis and translocation of O-antigen (Hug et al., 2010; Valvano, 2011) , the Wzx/Wzy-depending pathway occurs in the synthesis of the majority of O-antigens, especially heteropolymeric O-antigens. Both Wzx (flippase) and Wzy (O-antigen polymerase) are highly hydrophobic inner membrane proteins, usually sharing little sequence identities with their homologues. In the O40-antigen gene cluster, orf6 and orf8 are the only two genes encoding predicted membrane proteins. Orf6 has 12 predicted transmembrane segments, which is a typical topology for Wzx proteins, and shares 46% identity or 63% similarity with putative flippase of E. coli O91. It was proposed that orf6 encodes the O-antigen flippase and was named wzx. Orf8 exhibited no sequence identity to any protein in GenBank. However, the transmembrane region search indicated that it had 10 predicted transmembrane segments with a large periplasmic loop of 34 amino acid residues. One or two such loops have been reported for a number of O-antigen polymerases (Islam et al., 2010; Islam et al., 2011; Daniels et al., 1998) and seemed to be important in the recognition of the O-unit or/and for the catalytic activity (Valvano, 2011) . Therefore, orf8 was proposed to encode O-antigen polymerase and, accordingly, was designated wzy. These findings suggested that the biosynthesis of the P. alcalifaciens O40-antigen is mediated by the Wzx/Wzy-dependent process.
Other genes orf15, orf16, and orf17 are homologues of wza, wzb, and wzc genes required for the biosynthesis and export of group 1 and 4 capsular polysaccharides (CPS) (Whitfield, 2006) . In particular, tyrosine-protein kinase Wzc and its cognate tyrosine phosphatase Wzb are essential for maintaining polymerization process, and Wza is involved in forming an outer membrane pore through which the CPS is translocated (Collins et al., 2007) . Together with a nonessential gene named wzi, the wza, wzb, and wzc genes comprise a conserved locus within group 1 CPS biosynthesis clusters of E. coli (Whitfield, 2006) . In contrast, in E. coli group 4 capsular producers, the wza, wzb, and wzc genes are accompanied by the ymcABCD genes and located outside the CPS gene cluster. Both group 1 and 4 capsules can be anchored to the cell surface by means of core-lipid A giving rise to the so-called K LPS . Some strains coexpress K LPS with a "normal" LPS, whereas others produce K LPS as the only serotype-specific polysaccharide (Whitfield, 2006) . The latter seems to be the case of P. alcalifaciens O40 LPS studied in this work and Providencia strains of other serogroups studied earlier (Ovchinnikova et al., 2012) , which all have the wza, wzb, and wzc genes at 3′ end of the O-antigen gene clusters.
